with slower kinetics than the wild-type virus (Todd et Two mutants were used ( Figure 1A) , one in which the cloverleaf structure was deleted (RLuc24) and another al., 1997). Furthermore, the poliovirus 3Ј UTR is interthat carries an extension of ‫05ف‬ nucleotides at the 5Ј changeable with the 3Ј UTR of human rhinovirus 14, end (rib[Ϫ]Rluc). The extra sequences present at the 5Ј which is predicted to fold into a completely different end of rib(Ϫ)RLuc abolish synthesis of positive strand structure (Rohll et al., 1995) . These results suggest that RNA without affecting negative strand RNA synthesis the 3Ј UTR plays a regulatory role rather than acting as (Herold and Andino, 2000) . As a positive control, we the origin of replication for negative strand RNA synused a transcript in which extra sequences at the 5Ј end thesis.
were removed by a cis-active hammerhead ribozyme Here, we examined cis-and trans-acting elements and therefore containing the authentic poliovirus 5Ј end involved in the initiation of negative strand RNA. We (rib[ϩ]Rluc) (Herold and Andino, 2000) . All three condiscover that PABP1 interacts with both the poly(A) tail structs carried a 3Ј poly(A) tail of 80 nucleotides. and the cloverleaf ribonucleoprotein (RNP) complex. Our
We first studied the ability of these mutants to direct results explain the requirement of a long poly(A) tail translation in the cell-free replication system. The exfor RNA replication and uncover a direct role for the tracts were programmed with in vitro synthesized RNAs requirement of 3CD binding to the cloverleaf in negative in the presence of GuHCl to inhibit viral replication. The strand RNA synthesis. The viral polymerase precursor amount of luciferase activity produced by the mutants 3CD binds to the 5Ј end of the genomic RNA and reaches during the first 3 hr was similar to that of the positive its site of action within the poly(A) tail of the genome control, rib(ϩ)RLuc ( Figure 1B) . These results demonvia circularization of the genomic RNA using an RNAstrated that, under the experimental conditions used, protein-protein-RNA bridge that involves at least two the cloverleaf RNA is not necessary for efficient translacellular factors, PCBP and PABP1. We propose that the tion or for the stability of the viral RNA. formation of a circular genomic structure by interaction We next examined RNA synthesis in both rib(ϩ)RLuc of the 5Ј and 3Ј ends may be a general mechanism by and mutants. When extracts were programmed with which positive stranded RNA viruses initiate replication. rib(ϩ)RLuc RNA, we observed the accumulation of both radiolabeled replicative form RNA (RF) and single strand RNA (ssRNA) ( Figure 1C, lane 1) . The labeled RF RNA Results observed is composed of the unlabeled input positive stranded and newly synthesized 33 P-labeled negative Sequences at the 5 End of the Genomic RNA stranded RNA; thus, RF can be taken as a direct measure Are Directly Involved in the Initiation of negative strand RNA synthesis. As expected, the muof Negative Strand Synthesis tant containing extra nucleotides at the 5Ј end was able It has been previously shown that binding of the viral to synthesize RF but not ssRNA (lanes 2). More impor-RNA polymerase precursor 3CD to the cloverleaf is estantly, the cloverleaf deleted mutant was unable to synsential for initiation of negative strand RNA synthesis thesize either RF or ssRNA (lanes 3), indicating that (Gamarnik and Andino, 1998) . This phenotype could rethe cloverleaf RNA is essential for negative strand RNA sult from the inability of these mutants to shut down synthesis. translation, a prerequisite in order to initiate RNA synthe-As discussed above, downregulation of translation via sis. However, it is also possible that the cloverleaf partic-3CD-cloverleaf interaction is necessary to generate a ipates in both repression of translation and initiation of ribosome-free template capable of negative strand RNA RNA synthesis. synthesis. To release the ribosomes from the viral RNA To examine these possibilities, we used a cell-free in the absence of a 5Ј cloverleaf, we added puromycin system that supports complete poliovirus replication to the labeling reaction. Puromycin induces translation (Molla et al., 1991; Barton et al., 1995) . A crude cytochain termination and inhibits protein synthesis by replasmic extract can be programmed with in vitro syntheleasing ribosomes from their RNA template. RNA synsized viral RNA. The extract contains all of the cellular thesis was not substantially altered by puromycin when components required for authentic initiation of RNA syncloverleaf-containing replicon RNAs were used (Figure thesis. Thus, each of the poliovirus replication intermedi-1C, lanes 5 and 6). Importantly, the release of ribosomes ates and final products is correctly produced. The reacwas not sufficient to stimulate synthesis of negative tion is carried out in two steps. First, viral RNA is used strand in the cloverleaf-less RNA ( Figure 1C, lane 7) , to direct the synthesis of viral proteins. This reaction is although the amount of puromycin added was sufficient performed in the presence of 2 mM guanidinium hydroto completely prevent translation ( Figure 1B ). In addition, chloride (GuHCl), a potent inhibitor of poliovirus replicacloverleaf RNA added in trans did not restore replication tion that allows viral proteins to accumulate but no RNA of a cloverleaf-less replicon (data not shown). Thus, we to be synthesized. It has been proposed that structures conclude that the cloverleaf is an essential cis-acting (called preinitiation complexes) form during this step of sequence that, in addition to its function in translational the reaction, which, in turn, later participate in the RNA control, directly participates in the initiation of negative replication step. The second part is the RNA replication strand RNA synthesis. reaction, whereby the GuHCl is removed from the reaction mixture and radiolabeled nucleotides are used to
The Poly(A) Tail at the 3 End of the Poliovirus monitor the synthesis of RNA. Since translation is un-Genome Is an Important cis-Acting Element coupled from RNA synthesis in this two-step system, for Negative Strand RNA Synthesis the requirement for each of these steps can be examined
The observation that the 5Ј cloverleaf directly participates in negative strand synthesis led us to examine in independently. more detail the requirements for this reaction. Since represents the time required to increase the length of the poly(A) before replication can start. More importantly, negative strand synthesis initiates at the other end of the genome, 7500 nucleotides downstream from the rib(ϩ)RLuc-A5-H with a short poly(A) and blocked 3Ј end was unable to replicate ( Figure 2C ). cloverleaf RNA, we focused on the 3Ј end and its potential communication with the 5Ј end.
Next, we determined the precise length of the poly(A) tail required for replication in vivo. Five constructs con-Previous results suggested that the poly(A) tail may be involved in the initiation of negative strand RNA syn-taining poly(A) tails ranging from a single A to 17 As (A1-H, A5-H, A9-H, A13-H, and A17-H) were tested for thesis (Barton et al., 1996) . Transcripts with only 12 adenylates at their 3Ј ends are less efficient at producing their ability to replicate in 293 cells. All constructs contained 3Ј-dA at their 3Ј end to block potential extension negative stranded RNA in vitro than those with 80. To confirm and expand these results, we engineered polio-of the poly(A) tail. After transfection, cells were incubated at 37ЊC in the presence or absence of 2 mM GuHCl virus replicon RNAs containing a defined number of adenylate residues-A0, A4, A8, A12, or A16-at their 3Ј to distinguish between direct translation of the input RNA and translation of amplified RNA. Luciferase activ-ends (rib[ϩ]RLuc-A0-OH to rib[ϩ]RLuc-A16-OH, schematized in Figures 2A and 2B) . It is possible that during ity was determined at 4 hr posttransfection. In the presence of GuHCl, luciferase activity produced by RNAs the course of replication, transcripts could regain long poly(A) tails by addition of adenylates at the 3Ј OH. To with shorter poly(A) tails (A1-H, A5-H) was only two to three times lower than that produced by long poly(A) prevent this possibility, we also generated transcripts rib(ϩ)RLuc-A1-H to rib(ϩ)RLuc-A17-H with blocked 3Ј tail constructs (A9-H, A13-H, and A17-H) ( Figure 2D ). In the absence of GuHCl, only those constructs with more ends via incorporation of a single 3Ј deoxyadenosine (3Ј-dA), which cannot accept additional nucleotides.
than 5 As at their 3Ј ends (A9-H, A12-H, and A17-H) were able to replicate. However, replicons with a 3Ј A9
Transcripts containing a long poly(A) tail (A16-OH or A17-H) replicated very efficiently when transfected into produced five times less luciferase activity at the 4 hr time point than those constructs with longer poly(A) tails 293 cells and had similar kinetics regardless of whether or not the 3Ј end was blocked with 3Ј-dA. In contrast, (A13-H and A17-H), suggesting that, within this range of poly(A) length, the ability of a particular construct to RNAs with short poly(A) tails with 3Ј OH ends (A4-OH) displayed a delay in replication of ‫2-1ف‬ hr, but by 6 hr replicate closely correlates with the number of A residues present at the 3Ј end. posttransfection, long poly(A) and short poly(A) constructs produced similar amounts of luciferase (Figure
To confirm that the reduced levels of luciferase produced by RNA replicons with short poly(A) tails indeed 2C). Total RNA was extracted 7 hr posttransfection and the 3Ј ends were analyzed. Irrespective of the length of reflected a defect in RNA synthesis, we examined the ability of these replicons to synthesize negative stranded the poly(A) of the input RNA, all RNAs contained long poly(A) tails by 7 hr posttransfection (data not shown).
RNA in vitro. The rib(Ϫ)RLuc replicon RNAs, which are only able to produce negative stranded RNA (Herold Thus, the delay observed in RLuc-A4-OH presumably Figures 1C and 2D) , we next studied the proteins that associate with these structures. Using poly(A) homo-16 3Ј-terminal As. These RNAs were then examined using the cell-free translation/replication system. Con-polymers, it has been shown that ‫21ف‬ nucleotides is the minimal length for high-affinity binding to RRM1/2, structs with no poly(A) tail or with only four 3Ј adenylates produced almost undetectable levels of double stranded two of the RNA binding domains of mammalian PABP1 (Sachs et al., 1987) . Also, it has been shown that a single RF RNA (Figure 2E, lanes 1 and 2) . In contrast, constructs with poly(A) tails comprising 8-16 adenylates were able RRM domain binds to poly(A) in a fashion similar to that of the entire protein. A single RRM domain and the full-to synthesize negative strand RNA. Interestingly, as the poly(A) tails increased in length, we observed a progres-length protein interact with a similar sized segment of the poly(A) and with comparable affinity. To examine sive increase in the efficiency of negative strand synthesis ( Figure 2E, lanes 3, 4, and 5) .
the interaction of PABP1 with poly(A) in the context of the poliovirus 3Ј UTR, we performed electrophoretic These results indicate that the 3Ј poly(A) tail of the poliovirus genomic RNA is an important cis-acting ele-mobility shift assays (EMSA) using bacterial expressed PABP1 (PABP1-H6). We first determined the affinity of ment for negative strand RNA synthesis in vitro and in vivo. A minimum length of 8 to 12 adenylate residues is recombinant PABP1-H6 for poly(A) using a poliovirus 3Ј UTR with a poly(A) tail of 80 nucleotides ( Figure 3A) . The sufficient to support efficient initiation of RNA synthesis. apparent K d was ‫04ف‬ nM, which is higher than reported for PABP1 purified from eukaryotic cells ( In conclusion, we observed a close correlation between the affinity of PABP1-H6 for the poly(A) tail and the initiation of negative strand RNA synthesis in vitro; constructs with longer poly(A) tails (A12 and A16) interact with PABP1-H6 with higher affinity and initiate negative strand synthesis more efficiently (compare Figures  2E and 3B ) than do replicons with shorter poly(A) tails.
PABP1 Interacts with PCBP and 3CD In Vitro
As mentioned before, it has been shown that the C-terminal part of PABP1 interacts with PCBP (Wang et al., 1999) . Since PCBP is a known RNA binding protein that binds to the cloverleaf domain of the poliovirus 5Ј UTR, we reasoned that the 5Ј and 3Ј ends of the viral genome might interact with each other through a PABP1-PCBP interaction.
Full-length PABP1-H6 and the N-terminal region of PABP, ⌬PABP-H6 (residues 1-190, containing RRM1/2), were expressed in E. coli and purified by Ni-NTA chromatography. As expected (Kuhn and Pieler, 1996), both recombinant proteins were able to bind to a poly(A)-Sepharose column ( Figure 4A, lanes 2 and 3) . To test whether proteins that bind to the poliovirus cloverleaf RNA can interact with PABP1, we incubated recombinant MBP-PCBP (PCBP2 fused to the maltose binding protein) or H6-3CD (His-tagged 3CD) with PABP1-H6 bound to poly(A)-Sepharose. Both MBP-PCBP and H6-3CD interacted with full-length PABP1-H6 ( Figure 4B,  lanes 1 and 4) but did not interact with ⌬PABP-H6 or poly(A)-Sepharose alone ( Figure 4B, lanes 2, 3, 5 , and 6). Thus, PCBP and 3CD have the potential to associate with PABP1, presumably through interaction with the C-terminal part of PABP1.
To provide further evidence for the interaction of PABP1 with PCBP and 3CD, we performed mobility shift Figure 4C,  lane 5) . However, a high-affinity complex was observed nucleotide poly(A) tails (3Ј UTR-A0, 3Ј UTR-A4, 3Ј UTR-A8, 3Ј UTR-A12, and 3Ј UTR-A16, respectively). As ex-by the inclusion of PABP1-H6 in the binding reaction (lane 8). PABP1-H6 by itself does not interact with the pected, PABP1 was unable to interact with 3Ј UTR-A0 and 3Ј UTR-A4 probes ( Figure 3B) . In contrast, PABP1-cloverleaf RNA ( Figure 4C, lanes 1-4) , and an excess of bovine serum albumin (BSA) did not induce the forma-H6 interacted with 3Ј UTR-8, 3Ј UTR-12, and 3Ј UTR-16 with high affinities. Apparent K d values were ‫,002ف‬ tion of the high-affinity complex ( Figure 4C, lanes 9-12) . Furthermore, the complex formed by only 3CD and ‫,001ف‬ and ‫04ف‬ nM, respectively ( Figure 3B) , indicating that a minimum of eight nucleotides are required for MBP-PCBP runs slightly faster than the complex formed by 3CD, MBP-PCBP, and PABP ( Figure 4D) . In summary, binding and that the affinity increases as a function of the poly(A) tail length. These results are consistent with these results indicate that PABP1 directly interacts with PCBP and 3CD, that the proteins can interact with each previously published observations indicating that the affinity of yeast PABP for poly(A) increases with increas-other while bound to their cognate RNAs, and that PABP1 can induce the formation of a stable complex ing length of oligo(A) up to 12 residues (Sachs et al., 1987) .
at the 5Ј end of the genomic RNA. PCBP (lanes 1-3) or 3CD-H6 (lanes 4-6) was incubated with either PABP1-H6 bound to poly(A)-Sepharose (lanes 1 and 4) , ⌬PABP- 1, 10, and 100 nM (lanes 2, 3, and 4) . In lanes 5 through 12, the concentrations of MBP-PCBP and H6-3CD were kept constant at 0.5 nM. Increasing amounts of either PABP1 -H6 (lanes 5-8) or BSA (lanes 9-12) were added to each binding reaction (1 nM in lanes 6 and 7, 10 nM in lanes 7 and 11, and  100 nM in lanes 8 and 12) . Complexes were analyzed by native polyacrylamide gel electrophoresis. (lanes 2, 4, 7, and 9), or left untreated (lanes  3, 5, 8, and 10) . Cytoplasmic extracts were immunoprecipitated using anti-PABP1 polyclonal antibodies. Samples were analyzed by SDS-polyacrylamide gel electrophoresis and Western blotting using anti-3D pol monoclonal antibodies (lanes 1-5) . The blot was stripped and reprobed using anti-tubulin antibodies (lanes 6-10) . In lanes 1 and 6, total lysates are shown.
(D) Comparison of electrophoretic mobility of complexes containing 3CD (lane 2), 3CD ϩ MBP-PCBP (lane 3), or 3CD ϩ MBP-PCBP ϩ PABP (lane 4). (E) PABP1 interacts with 3CD-containing polypeptides in poliovirus-infected cells. Five hours postinfection, the cells were harvested, treated with the cross-linker DSP for 30 min

PABP1 Interacts In Vivo with 3CD an RNA bridge but rather through a direct PABP1-3CD protein-protein interaction because RNase A treatment Next, we determined whether PABP1 interacts with 3CD in intact cells. HeLa cells were infected with poliovirus
did not reduce the amount of 3CD coimmunoprecipitated ( Figure 4D, lane 4) . In the absence of DSP, we were and incubated for 5 hr at 37ЊC. Cells were harvested and treated with dithiobis(succinimidylpropionate) (DSP), a able to detect small amounts of coimmunoprecipitated 3CD, suggesting that the interaction of PABP1 with 3CD reversible, cell membrane-permeable cross-linker that induces ester formation of the primary amines of pro-is relatively stable (Figure 4D, lanes 3 and 5) . The crosslinking of PABP1 with 3CD was specific because after teins within a range of 12 Å . After washing, cells were lysed, and cytoplasmic extracts were subjected to im-DSP treatment, the abundant cellular protein ␣-tubulin did not coimmunoprecipitate with PABP1 ( Figure 4D , munoprecipitation using antibodies directed against PABP1. Immunoprecipitates were heated to 100ЊC in lanes 7-10). Thus, PABP1 interacts with 3CD both in vitro and in vivo in intact poliovirus-infected cells. the presence of dithiothreitol (DTT) to reverse the crosslinking and analyzed by western blotting using 3D-specific monoclonal antibodies. As shown in Figure 4D , 3CD ⌬PABP1 Inhibits Negative Strand Synthesis In Vitro As shown above, ⌬PABP1 with a large C-terminal dele-coimmunoprecipitated with PABP1 ( Figure 4D, lane 2) . Coimmunoprecipitation of 3CD was not mediated by tion is able to bind efficiently to poly(A) but does not published data). These results are in accordance with previous findings (Joachims et al., 1999) and demonstrate that cleavage of PABP1 occurs only late in the RNA replication cycle.
Discussion
Negative stranded RNA synthesis is initiated at the 3Ј end of the genome of positive stranded RNA viruses. Depending on the virus group, two distinct RNA structures located at the 3Ј ends of these viruses have been proposed to participate in RNA replication: a poly(A) tail (e.g., in the picorna-, ␣, corona-, or potexviruses) or a stable, often t-RNA-like secondary structure (e.g., in the flavi-and bromoviruses; reviewed by Buck, 1996). It has been shown for a few viruses that the length of the poly(A) tail is critical for efficient replication (Sarnow, 1989; Raju et al., 1999; Tsai et al., 1999; Spagnolo and Hogue, 2000) . However, if the poly(A) tail directly was the sole major determinant of initiation of negative strand RNA synthesis, it is difficult to understand how the viral replication apparatus discriminates between cellular mRNAs and the viral genomic RNA. In this study, we have provided evidence that the 
an essential step for the initiation of negative strand RNA synthesis. interact with 3CD and PCBP. To investigate whether the interaction of PABP1 with 3CD and PCBP is necessary
The Ribonucleoprotein Complex Formed around the Cloverleaf RNA and Its Role in Negative for RNA synthesis, we examined the effect of recombinant ⌬PABP-H6 on translation and RNA synthesis using Strand RNA Synthesis
The cloverleaf RNA appears to be involved in the synthe-the cell-free replication system. A replicon RNA with a long poly(A) tail (rib[ϩ]RLuc-A80) was incubated with sis of both positive and negative stranded RNA. Previously, we have shown that several point mutations 500 nM of purified recombinant ⌬PABP1-H6 or fulllength recombinant PABP1 for 5 min and then used within the cloverleaf RNA reduced both positive and negative strand RNA synthesis, with negative strand to program the translation/replication cell-free system. While the recombinant proteins had no detrimental ef-RNA synthesis being less affected, resulting in a 5-to 10-fold decrease in the ratio of plus to minus strands fect on translation (Figure 5A ), the addition of ⌬PABP1-H6 completely abrogated RNA replication (Figure 5B,  (Andino et al., 1990a) . These results implied that mutations within the cloverleaf abrogated positive strand lanes 4-6). In contrast, the addition of recombinant PABP1-H6 did not block replication ( Figure 5B, lanes  RNA synthesis and/or stability (Andino et al., 1990a) . Recently, we have shown that the 3CD-cloverleaf inter-1-3). Taken together, these results strongly suggest that ⌬PABP acts as a dominant-negative mutant by dis-action downregulates translation to yield ribosome-free templates that could be replicated, thus implying that rupting the interaction of PABP1 with PCBP and/or 3CD and that this interaction is required for initiation of polio-the cloverleaf played a role in coordinating the use of the genomic RNA for translation or RNA replication (Ga-virus RNA synthesis.
It has been reported that PABP1 is proteolytically marnik and Andino, 1998). The experiments presented here suggest that the cloverleaf also plays an important cleaved during picornavirus infection by viral proteases (Joachims et al., 1999; Kerekatte et al., 1999) . We have direct role in negative strand RNA synthesis, as we have now shown that deletion of the entire cloverleaf results not yet determined whether proteolytically cleaved PABP1 is capable of supporting the initiation of negative in complete inhibition of negative strand RNA synthesis. More importantly, inhibition of translation with puromy-strand RNA synthesis. However, cleavage of PABP1 is not detectable until 4 hr postinfection, around the peak cin does not promote negative strand RNA synthesis of a cloverleaf-deficient genome ( Figure 1C) . of maximum RNA synthesis, and at 8 hr postinfection, when RNA synthesis has ceased, more than 30% of Since 3CD binds to the RNA through the 3C proteinase RNA binding domain (Andino et al., 1990b) , an additional PABP1 remains uncleaved in the infected cell (our un-a role homologous to that of the cloverleaf RNA in BVDV replication.
The Function of the Poly(A) Tail and PABP1
Our results suggest that, in order to reach their site of action during initiation of negative strand RNA synthesis, proteins bound to the 5Ј cloverleaf interact with PABP1 bound to the 3Ј poly(A) tail, thus circularizing the genomic RNA. It has been previously shown that enzymatic removal of the poly(A) tail from virion RNA renders replication of these RNAs incompetent (Spector et al., 1975) , whereas translation was not affected. Indeed, our analysis of the minimal poly(A) length required for viral replication suggests that the high-affinity interaction of the poly(A) tail with PABP1 is more critical for efficient RNA replication than for IRES-dependent translation (although minor effects on translation have been observed in vivo; Figure 2D ). PABP1 is an important regulatory factor involved in the control of cellular mRNA stability and translation (reviewed by Sachs and Wahle, 1993; Sachs et al., 1997) . It has been shown that PABP1 interacts with the translation initiation factor eIF4G (reviewed by Gingras et al., 1999) , and because eIF4G forms a complex with the cap-recognizing eIF4E, this interaction probably leads to the effective circularization of cellular mRNAs ( Figure 6A ). Using purified homologous yeast proteins, this circularization has been recently visualized with atomic force microscopy (Wells et al., 1998) .
For poliovirus RNA, circularization also appears to be mediated by PABP1, but in this case PABP1 interacts with PCBP and viral 3CD bound to the 5Ј end of the RNA (Figure 6B) (Hahn et al., 1987) . For dengue virus, a mem-role of 3C pro may be analogous to that of transcription factors which recruit PolII RNA polymerase to the cellu-ber of the flavivirus family, initiation of negative strand RNA synthesis depends on these complementary se-lar transcription promoters. The cloverleaf is a cis active promoter element necessary for initiation of negative quences (You and Padmanabhan, 1999) . Flaviviruses might employ a strategy similar to that described here strand RNA synthesis to which the transcription factor binds and recruits the RNA polymerase. Thus, the clo-for poliovirus, in which interactions between the 3Ј and 5Ј end cyclization elements bring the initiation complex verleaf RNA could play a central role in regulating the usage of the genome; it facilitates or inhibits translation close to the start site of negative stranded RNA synthesis. depending on which proteins it interacts with, and it directs the synthesis of both negative and positive For coronaviruses, intriguing data are beginning to accumulate that point to a similar mechanism. Because strand RNA (Figure 6) . Interestingly, it has been previously shown that an RNA structure at the 5Ј end of coronavirus genomes contain a 5Ј-terminal cap structure and a poly(A) tail at their 3Ј ends, circularization in BVDV (bovine viral diarrhea virus), a pestivirus, modulates translation and replication of the positive stranded this case could be mediated by a PABP1-eIF4G-eIF4E interaction like that used by cellular mRNAs for efficient genome (Yu et al., 2000) . Thus, this structure could play 
Mobility Shift Assays Plasmids
The generation of the 5Ј-terminal cloverleaf RNA probe has been The following plasmids were used to transcribe luciferase-expressdescribed earlier (Andino et al., 1990a) . PCR products encoding a ing replicon RNA in vitro. Prib(ϩ)RLuc, prib(Ϫ)RLuc, and pRLuc31 T7 RNA polymerase promotor, the complete poliovirus 3Ј UTR, and have been described previously (Andino et al., 1993; Herold and a variable amount of adenylate residue at the 3Ј end were used as Andino, 2000) . pRLuc24, a derivative of pRLuc31 lacking the setemplates to generate 3Ј end-specific RNA probes. The RNA-protein quences that encode for the 5Ј-terminal cloverleaf, was constructed complexes were analyzed as previously described (Andino et al., using standard PCR procedures. Again, standard cloning tech-1990a). The radioactivity in the complexes was quantified using a niques were used to construct luciferase expressing with defined STORM 860 system and ImageQuaNT software (Molecular Dynampoly(A) tail length. The sequences and restriction enzyme recogniics, Sunnyvale, CA). tion sites introduced are outlined in Figure 2A .
Dissociation constants were determined by quantifying the frac-To express proteins in bacteria, the following plasmids were used: tion of RNA bound () with a PhosphoImager (Molecular Dynamics). pET3b-PABP-His, encoding for a C terminally His-tagged version The data were fitted by nonlinear least squares as a function of total of the human PABP1 protein (PABP1-H6), was kindly provided by PABP1-H6 concentration: () ϭ [PABP]/[PABP] K d . N. Sonenberg. pET3b-⌬PABP-His, encoding for ⌬PABP-H6, the first two RNA recognition motifs (RRM 1/2, amino acids 1-186) of human Protein Interaction In Vitro PABP1 fused to six consecutive histidine residues, was obtained Poly(A)-Sepharose slurry (100 l; Amersham Pharmacia, Uppsala, by PCR mutagenesis as described previously (Herold et al., 1999) . Sweden) was incubated for 1 hr at 4ЊC with 2 g of recombinant The construction of the plasmid pMal-PCBP2, encoding for a malt-PABP1-H6, ⌬PABP1-H6, or MPB-PCBP. The resin was then washed ose binding protein-PCBP2 fusion protein (MBP-PCBP), has been with buffer D (5 mM HEPES [pH 7.0], 75 mM potassium chloride, 2 described previously (Gamarnik and Andino, 1997) . The His-tagged mM magnesium chloride, 0.5% NP-40, 5% glycerol, 2 g/l tRNA). recombinant 3CD protein used in this study contains a catalytic site For 3CD, 100 l of poly(A)-Sepharose slurry was incubated with mutation (H40E) that abolishes proteolysis (Andino et al., 1993) . recombinant H6-3CD for 10 min at 4ЊC in 100 l buffer E (5 mM HEPES [pH 7.0], 150 mM potassium chloride, 2 mM magnesium Blocking the 3 End of In Vitro Transcripts chloride, 0.5% NP-40, 5% glycerol, 2 g/l tRNA). After three with Cordycepin-5-Triphosphate washes with 10 volumes of the respective buffer, proteins were Cordycepin (3Ј-desoxyadenosine, Sigma Chemical, St. Louis, MO) eluted from the slurry using SDS-containing protein sample buffer. was added to the 3Ј end of in vitro transcribed RNA using yeast Eluted proteins were subjected to SDS-polyacrylamide gel electropoly(A) polymerase (United States Biochemical, Cleveland, OH) as phoresis and subsequent Western blotting with PCBP-or 3CDrecommended by the manufacturer. specific antisera. The incorporation efficiency was tested using [␣-P 32 ]Co-TP (NEN, Boston, MA). Co-TP-treated (100 ng) and untreated RNA were incubated for 60 min at 37ЊC with 10 Ci cordycepin-5Ј-triphosphate
In Vivo Cross-Linking Cross-linking of proteins in intact cells using DSP (Lomant's reagent; (10 Ci/l) and analyzed by TCA precipitation. It was determined that at least 99% of the 3Ј ends were blocked.
Pierce, Rockford, IL) has been done essentially as described (Grundhoff et al., 1999) . Briefly, 10 7 HeLa cells were infected with poliovirus at an MOI of 10 and incubated at 37ЊC. At 5 hr p.i., the cells were RNA Transfection Human 293 cells were electroporated as described previously (Her-washed twice with phosphate-buffered saline (PBS). The cells were then incubated at 4ЊC in either PBS or PBS/1 mM DSP for 30 min. old and Andino, 2000). GuHCl (Sigma Chemical) was added to the
